
The human body comprises several dy-
namic microenvironments in health and
disease. The oral cavity, for example, may
constitute a wide variety of niches that
favor distinct microbial habitats. Further-
more, the ecological shifts during disease
provide a competitive advantage for colo-
nization of several opportunistic micro-

organisms. Despite individual variations,
plaque pH varies from 5.6 to 6.5 while the
pH of resting saliva is approximately 6.7
(12, 15). The pH values may also differ
depending on the location of the tooth, the
tooth surface, and diet (12). Purulent
infections and dental caries usually create
acidic environments (6, 20). The pH value

in subgingival regions becomes alkaline at
the onset of periodontal disease, favoring
gram-negative bacteria (2). The human
body maintains a steady core temperature
of approximately 37�C (36.8 ± 0.4) during
health (10). In the oral cavity, temperatures
vary by location and tissue (27). Localized
temperature increases have also been
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Background/aim: Bacteria sense their population density using autoinducer (AI)
signaling systems. The AI-2 signal is thought to mediate communication among and
within bacterial species. Streptococcus intermedius is a commensal organism frequently
associated with periodontitis and purulent infections. We investigated the role of AI-2
signaling in S. intermedius biofilm formation under temperatures and pH levels relevant
to human physiology.
Methods: Bioluminescence was used to monitor the change in AI-2 levels at various
temperatures. Growth and biofilm formation in S. intermedius and its luxS mutant
SI006 were measured at 35, 37, 39, and 41�C and in pH ranging from 5.7 to 7.5. To
confirm the role of AI-2 signals in biofilm formation, the AI-2 precursor (S)-4,5-
dihydroxy-2,3-pentanedione (DPD) was used to complement SI006 biofilm formation.
Results: S. intermedius AI-2 signals were detected at all growth temperatures but reached
the highest levels at 37�C. SI006 displayed significantly less biofilm formation than
S. intermedius wild-type (WT); however, the role of AI-2 on biofilm formation was
confined to 37�C. DPD supplementation significantly increased SI006 biofilm formation
to the S. intermedius WT level. The role of AI-2 in S. intermedius biofilm formation
was not influenced by pH. High temperatures and low pH enhanced biofilm formation
in both S. intermedius and its luxS mutant.
Conclusions: High temperature and acidic conditions may favor biofilm formation
by S. intermedius. The role of AI-2 in biofilm formation by S. intermedius, however,
varies with physiological temperature changes. These results may assist in understanding
possible behavior relative to health and disease.

N. A. A. M. Ahmed, F. C. Petersen,
A. Aa. Scheie

Department of Oral Biology, University of Oslo,
Oslo, Norway

Key words: autoinducer-2; biofilm; luxS; pH;
Streptococcus intermedius; temperature

Nibras A. A. M. Ahmed, Department of Oral
Biology, Faculty of Dentistry, University of
Oslo, P.O. Box 1052 Blindern, Oslo N-0316,
Norway
Tel.: +47 228 40336; fax: +47 228 40302;
e-mail: nibrasa@odont.uio.no
Accepted for publication April 4, 2008



observed during inflammation and pro-
gression of periodontal disease (13).
Changes in temperature leading to fever
(>37.4�C), hyperpyrexia (‡39�C) or even
hypopyrexia (<36�C) may accompany
infections resulting in sepsis and even a
fatal outcome (7).
Existing as multitudes of interacting

species, bacteria can take advantage of
their growing populations to initiate chem-
ical dialog, referred to as quorum sensing.
Quorum sensing allows bacteria to sense
each other and their environment via
autoinducers (AI). At a critical concentra-
tion of AI, the bacterial quorum initiates
cascades of gene regulation conducive to
adaptation and survival. The presence of
type 2 autoinducers (AI-2) and their enzy-
matic synthase LuxS in several gram-
positive and gram-negative species suggest
that AI-2 are comprehensive bacterial
communication signals. LuxS catalyzes
the synthesis of the AI-2 precursor
(S)-4,5-dihydroxy-2,3-pentanedione (DPD)
through the activated methyl cycle (29).
DPD subsequently reorganizes into several
derivatives, collectively termed AI-2. AI-2
signaling has been associated with the
coordination of several virulent behaviors
in bacteria, including the environmental
stress response, single-species/dual-species
biofilm formation, and toxin expression
(11, 17, 19, 24, 26, 32). Biofilms play an
important role in several chronic infections
because of their ability to challenge the
host immune system and resist antimicro-
bial treatment (3). In the oral cavity,
biofilms may cause dental caries, peri-
odontitis, and endodontic infections
(3, 25).
Streptococcus intermedius, Strepto-

coccus anginosus, and Streptococcus
constellatus, collectively known as the
S. anginosus group, are members of the
normal microflora of the mouth and throat.
The S. anginosus group may also be
involved in life-threatening purulent infec-
tions (28). In the oral cavity, acute third
molar pericoronitis (16) and periapical
abscesses are frequently associated with
the S. anginosus group (8). S. intermedius
is frequently associated with chronic peri-
odontitis and upper-body abscesses, espe-
cially brain abscesses (22, 30).
The aim of this study was to investigate

the role of AI-2 in S. intermedius biofilm
formation under various physiological
temperatures and pH environments. We
found that extracellular AI-2 levels were
temperature dependent in S. intermedius,
reaching optimum values at 37�C. The role
of luxS/AI-2 in biofilm formation was
limited to 37�C independent of pH values.

Materials and methods

Bacterial strains and media

The luxS gene in S. intermedius NCTC
11324 was disrupted as described previ-
ously (17). S. intermedius 11324 wild-
type (WT) and the resultant luxS isogenic
mutant SI006 were stored at )20�C. The
S. intermedius strains were first cultured
on Todd–Hewitt agar plates (Difco Lab-
oratories, Detroit, MI) for 24 h at 37�C
in 5% CO2 in air. Before each experi-
ment, bacteria were cultured overnight in
tryptone soy broth (TSB, Oxoid, Hamp-
shire, UK). SI006 was supplied with
0.5 lg/ml kanamycin (Sigma-Aldrich, St
Louis, MO) during the first overnight
growth.
Vibrio harveyi BB 170, the AI-2

reporter, was grown on heart infusion
agar or in heart infusion medium
supplemented with 0.1 lg/ml kanamycin
at 30�C in air with shaking. Second
overnight cultures were grown in the
autoinducer bioassay medium as previ-
ously described (24). V. harveyi BB 170
was generously donated by Prof. B.
Bassler.

AI-2 bioluminescence induction

To examine the effect of various physio-
logical temperatures on AI-2 signaling in
S. intermedius, a V. harveyi biolumines-
cence assay was used to compare AI-2
levels as described by Surette and Bassler
(24). The S. intermedius WTwas grown in
TSB adjusted to pH 7.0 with 0.2 m

phosphate buffer and incubated at 35, 37,
or 39�C (±0.04�C) in microaerophilic
atmosphere (Mart� Microbiology Anox-
omat-System version 1, Drachten, the
Netherlands). The bacterial cultures main-
tained relative stable pH values for up to
8 h. The pH values did not vary with
incubation temperatures and dropped
approximately one unit by stationary
phase. Bacterial cultures collected after 2
to 24 h of growth, were centrifuged at
16438 · g and then filtered through 0.22-
lm pore filters. Frozen V. harveyi cultures
diluted 1 : 500 in fresh autoinducer bioas-
say medium were prepared as previously
described (19). Filtered S. intermedius
supernatants were added to V. harveyi BB
170 (1 : 10) in flat-bottomed 96-well
microtiter plates. V. harveyi supernatants
and DPD (2 lm to 0.4 mm) were used
as positive controls. AI-2 induction in
V. harveyi BB 170 with TSB was used as
background. AI-2-induced biolumines-
cence from S. intermedius supernatants
was calculated relative to 4 lm DPD

supplementation (=100%). Biolumines-
cence was measured using KC4

TM

V 3.4
(Bio-Tek� Instruments, Inc., Winooski,
VT).

Biofilm formation and planktonic growth

To investigate the role of AI-2 in
S. intermedius biofilm formation, sterile
ThermanoxTM plastic coverslips (Nunc,
Copenhagen, Denmark) were inserted
into 24-well microtiter plates. Overnight
bacterial cultures diluted in TSB (1 ml,
1%) were dispensed into the microtiter
plates and left overnight at 37�C under
aerobic conditions in 5% CO2. Initial
biofilms (20 h) were additionally supple-
mented with fresh TSB (0.5 ml) and
further incubated (18 h) to allow for
coherent biofilm formation. The biofilm-
covered disks were then rinsed with
water, stained with 0.1% Safranin, and
rinsed in water again before the addition
of 30% acetic acid. The released Safranin
was measured at 530 nm in the KC4

TM

V 3.4. Total growth of S. intermedius
in TSB was evaluated in parallel micro-
titer plates and optical density was
measured at 595 nm (OD595) in the
KC4

TM

V 3.4.
To investigate whether SI006 biofilm

formation could be complemented by AI-2
precursor, biofilms were formed in TSB
supplemented with DPD (Omm Scien-
tific Inc., Dallas, TX). To determine spe-
cific complementation concentrations for
SI006, DPD was assayed at a range of
0.08–80 nm as described for other strep-
tococci (19).
To measure biofilm formation under

varying temperatures and pH gradients,
bacterial cultures were inoculated in TSB
buffered with phosphate buffer to final
pH values of 5.7, 6.5, 7.0, or 7.5. The
microtiter plates were incubated at 35,
37, 39, or 41�C (±0.04�C) under micro-
aerophilic conditions. The experiment
was repeated four times with three
parallels.
The planktonic growth of S. intermedius

WT and SI006 incubated at 35, 37, 39, or
41�C (±0.04�C) and at various pH values
(pH 5.7–7.5) was measured at 2, 4, 6, 8,
and 18 h using a KC4

TM

V 3.4 spectro-
photometer at 595 nm.

Statistical analysis

The Student’s t-test or one-way analysis of
variance followed by the Student–New-
man–Keuls method were used for com-
parisons. Differences were considered
statistically significant at P £ 0.05.
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Results

S. intermedius and SI006 displayed similar

planktonic growth rates

The planktonic growth of S. intermedius
WT and SI006 was similar irrespective of
incubation temperatures and pH values
(Table 1). Incubation temperatures >35�C
accelerated the growth rate of S. inter-
medius after 5 h incubation (Fig. 1A).

AI-2 levels in S. intermedius supernatants

vary with temperature

Bacteria live at varying physiological
temperatures, so we investigated whether
AI-2 signaling was influenced by temper-

ature. Bioluminescence induction in
V. harveyi BB 170 indicated that
S. intermedius produced AI-2 molecules
at all the temperatures tested and that AI-2
levels in S. intermedius supernatants var-
ied with incubation temperature (Fig. 1B).
AI-2 levels were highest at 37�C, reaching
maximum values at early exponential
growth phase (5–6 h growth, OD595 0.1–
0.2) (Fig. 1A,B). AI-2 induction in super-
natants collected from 39�C cultures was
lower than at 37�C and declined at early
exponential phase. Compared to other
temperatures, supernatants collected from
35�C cultures displayed the lowest AI-2
values, delayed AI-2 induction and de-
cline. At all temperatures, AI-2 levels
dropped to background levels when S.
intermedius reached stationary growth
phase.

S. intermedius biofilm formation is

influenced by AI-2 signaling, temperature,

and pH values

We initially investigated whether AI-2 was
involved in biofilm formation by S. inter-
medius. The luxS mutant SI006 formed
29% less biofilm compared to S. interme-
dius WT (P £ 0.05, Fig. 2A). Scraping
and resuspension of the biofilms in 1 ml
TSB showed similar reduction from 0.58
(±0.011) in S. intermedius WT to 0.4
(±0.0123) in SI006 at OD600. DPD dis-
played the highest complementation at
0.8–8 nm (data not shown). Upon delivery
of 0.8 nm DPD, biofilm formation by
SI006 increased by 21% (Fig. 2A), while
DPD had no apparent effect on S. inter-
medius WT growth nor on biofilm forma-
tion (Fig. 2).

Table 1. Growth of Streptococcus intermedius
wild-type (WT) and SI006 measured as optical
density at 595 nm (standard error of the mean)
at 8 and 18 h under various temperature and pH
values

8 h 18 h

35�C
WT
pH 7.5 0.10 (0.003) 0.37 (0.011)
pH 7 0.09 (0.003) 0.56 (0.012)
pH 6.5 0.08 (0.002) 0.53 (0.013)
pH 5.7 0.06 (0.001) 0.44 (0.008)

SI006
pH 7.5 0.10 (0.020) 0.38 (0.013)
pH 7 0.09 (0.007) 0.55 (0.004)
pH 6.5 0.09 (0.005) 0.53 (0.007)
pH 5.7 0.06 (0.001) 0.43 (0.007)

37�C
WT
pH 7.5 0.27 (0.007) 0.45 (0.003)
pH 7 0.31 (0.003) 0.52 (0.003)
pH 6.5 0.34 (0.002) 0.55 (0.003)
pH 5.7 0.12 (0.003) 0.45 (0.008)

SI006
pH 7.5 0.26 (0.009) 0.45 (0.004)
pH 7 0.30 (0.007) 0.52 (0.002)
pH 6.5 0.33 (0.005) 0.56 (0.003)
pH 5.7 0.12 (0.006) 0.44 (0.015)

39�C
WT
pH 7.5 0.33 (0.005) 0.44 (0.014)
pH 7 0.38 (0.008) 0.55 (0.009)
pH 6.5 0.40 (0.002) 0.56 (0.019)
pH 5.7 0.17 (0.003) 0.42 (0.007)

SI006
pH 7.5 0.32 (0.006) 0.42 (0.004)
pH 7 0.37 (0.023) 0.54 (0.012)
pH 6.5 0.39 (0.008) 0.57 (0.005)
pH 5.7 0.16 (0.002) 0.40 (0.013)

41�C
WT
pH 7.5 0.40 (0.003) 0.47 (0.004)
pH 7 0.46 (0.009) 0.53 (0.003)
pH 6.5 0.48 (0.009) 0.58 (0.007)
pH 5.7 0.27 (0.004) 0.50 (0.006)

SI006
pH 7.5 0.41 (0.006) 0.44 (0.004)
pH 7 0.47 (0.005) 0.53 (0.003)
pH 6.5 0.47 (0.003) 0.59 (0.004)
pH 5.7 0.24 (0.021) 0.49 (0.007)
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Fig. 1. The influence of temperature on Streptococcus intermedius growth and autoinducer-2 (AI-2)
levels. (A) Growth of S. intermedius at 39�C (interrupted line), 37�C (dotted line), and 35�C (solid
line). Mean values (n = 9) with standard error of the mean are given. (B) S. intermedius wild-type
(WT) bioluminescence induction during growth. The S. intermedius WT supernatants incubated at
35�C (solid line), 37�C (dotted line), or 39�C (interrupted line) were collected throughout growth
(2–24 h). AI-2 induction is displayed relative to 4 lm (S)-4,5-dihydroxy-2,3-pentanedione (DPD;
100%). Data points represent mean values (n = 9) with standard error of the mean.
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Since temperature affected the pattern of
S. intermedius AI-2 levels, our next step
was to investigate whether temperature
may also influence biofilm formation by
S. intermedius at different pH levels. Our
results showed that at 37�C, biofilm
formation by SI006 was 39, 43, 38, and
29% less than that by S. intermediusWT at
pH 7.5, 7.0, 6.5, and 5.7, respectively
(P £ 0.05) (Fig. 3B). However, at 35 and
39�C, biofilm formation by SI006 was not
significantly different from that by
S. intermedius WT (Fig. 3A,C). At 41�C,
biofilm formation in S. intermedius WT
and SI006 was similar to that at 39�C (data
not shown).
Both S. intermedius and its luxS mutant

SI006 exhibited significant biofilm forma-
tion when incubated at higher temperatures
and acidic conditions, reaching optimum
biofilm formation when simultaneously
exposed to 39�C and an acidic environ-
ment (pH 5.7–6.5) (Fig. 3C). At all

temperatures tested, biofilm formation
was two to three times higher at pH 5.7
than at pH 7.5 (Fig. 3A–C). At pH levels
7.5, 7.0, and 6.5, the biofilm mass
increased approximately 1.6 times when
temperatures increased from 35 to 37�C
and 1.6 and two times at pH 7 and pH 6.5
when temperatures were raised from 37 to
39�C (Fig. 3A–C).

Discussion

In the current study, we showed that the
influence of AI-2 on biofilm formation in
S. intermedius depended on temperatures
between 35 and 39�C, but not on pH. We
observed an association between the effect
on biofilm formation and extracellular
AI-2 levels in S. intermedius. AI-2 reached
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maximum levels at 37�C followed by
39�C and 35�C, respectively. Interestingly,
a temperature rise from 35�C to 39�C and
low pH (5.7–6.5) significantly enhanced
biofilm mass in S. intermedius WT and the
luxS mutant.
The influence of AI-2 on biofilm for-

mation has been reported in various spe-
cies, including streptococci (17, 19, 26). In
most studies the inferred role is based on
results showing a defective ability of luxS
mutants to form biofilms. However,
because LuxS possesses an inherent met-
abolic function in the activated methyl
cycle, phenotypic defects in luxS mutants
may not strictly be attributed to AI-2
signaling but possibly to metabolic distur-
bances. For instance, biofilm defects in a
Lactobacillus rhamnosus luxS mutant are
not restored by AI-2 molecules but rather
by the addition of cysteine, indicating a
sole metabolic role of LuxS (14). Com-
plementation studies may involve the
addition of AI-2-positive supernatants
from wild-type strains (31). However, luxS
inactivation may disturb several integral
processes within the activated methyl
cycle. Therefore, supernatant supplemen-
tation of luxS mutants may complement
other deficiencies in addition to AI-2
molecules. More recently, the availability
of synthetic AI-2 precursors (DPD) has
permitted specific AI-2 complementation
and concentration comparisons with other
bacterial species. In our study, DPD
restored biofilm formation by the S. inter-
medius luxS mutant at a specific con-
centration range similar to that of
Streptococcus oralis luxS mutants (19).
However, DPD concentrations required for
bioluminescence induction in V. harveyi
were higher than those required for biofilm
formation in S. intermedius. Variation
in DPD concentrations may reflect the
influence of different DPD thresholds on
various bacterial functions. The concentra-
tion-dependent DPD restoration of defec-
tive luxS biofilms suggests that AI-2
molecules may function as signals and
not merely as metabolic by-products in
S. intermedius.
AI-2 signaling may differ with bacterial

species, growth phase, and a variety of
environmental factors including glucose
availability, osmolarity, and acidity (17,
24). In Salmonella typhimurium, AI-2
production ceases under intense thermal
shock (24). Though S. intermedius pro-
duced AI-2 at all temperatures, higher
values were reached at 37�C. The role of
luxS in biofilm formation at this tempera-
ture may reflect the significance of attain-
ing threshold AI-2 levels in S. intermedius.

In previous studies, we displayed the
abundance of AI-2 production in the early
growth phase of most oral streptococci
(17). Our current results may imply that
temperature-induced modifications in
extracellular AI-2 levels may alter bac-
terial behavior during febrile infections.
Under all the pH levels assayed,

S. intermedius luxS mutation resulted in
deficient biofilm formation at 37�C, indi-
cating that pH fluctuation was not a
determining factor in AI-2-associated bio-
film formation. In contrast, low pH
induced the autoinducer synthesis protein
LuxS in Escherichia coli and Lactococcus
lactis (9, 23). However, because pH is a
confounding factor in the V. harveyi BB
170 luminescence induction assay (5),
measurement of AI-2 levels at various
pH values was avoided in the current
study.
The human body contains a wide array

of micromilieus during health and disease.
Host environments may vary for instance
in oxygen tension, temperature, pH, and
nutrient availability. For most streptococci,
growth is either reduced or inhibited at
temperatures above 37�C (21, 26). Sur-
prisingly, we found that high temperatures
accelerated growth and biofilm formation
by S. intermedius. Infections and inflam-
mation are commonly accompanied by
systemic and localized temperature rise so
the ability of S. intermedius biofilms to
thrive at high temperatures may contribute
to its role in periodontitis and febrile
suppurative infections. Temperature
changes may elicit a range of responses
in bacterial biofilms. For instance, a tem-
perature rise from 37 to 40�C suppresses
biofilm formation in Streptococcus mutans
(26). In Porphyromonas gingivalis, tem-
perature increase above 37�C causes sig-
nificant reduction in adhesion because of
the downregulation of fimbrial expression
(1) while thermal stress induces polysac-
charide intercellular adhesin expression in
Staphylococcus epidermidis (18). In Strep-
tococcus pyogenes, microarray investiga-
tion identified specific gene regulation
patterns that occurred only when exposed
to both high temperatures (40�C) and
acidic environments (pH 6) (4). In our
study, S. intermedius biofilm formation
reached peak values when exposed
to 39�C and acidic environments (pH
5.7–6.5) simultaneously. Therefore,
because abscesses occur in low pH envi-
ronments (20), infections may favor the
establishment of S. intermedius biofilms.
We conclude that in S. intermedius, AI-2

levels and its role in biofilm formation
varied with temperature. Bacteria are both

symbiotic and pathogenic residents of the
human host. Under equilibrium and in
health, it may be convenient for commen-
sal species to adapt to normal host tem-
peratures and to exist in harmony with the
other cohabitants. S. intermedius is part
of the normal bacterial flora and there-
fore may employ AI-2 signaling to its
maximum level when collaboration is
necessary. Under pathogenic conditions
associated with thermal changes, AI-2
levels may not be as relevant.
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